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Les exemples d i s c u t e s d a n s c e t a r t i c l e c o n c e r n e n t d e s m a t r i c e s d 1 a 1 2 0 3 , c o r d i 6 r i t e , , m u ll i t e e t z i r c o n e ; t o u t e s s o n t r e n f o r c e e s d e w i s k e r s d e S i c .

A b s t r a c t -Whisker r e i n f o r c e m e n t r e p r e s e n t s ' a p r o m i s i n g t e c h n i q u e t o s i g n i f i c a n t l y improve t h e m e c h a n i c a l b e h a v i o r of o x i d e c e r a m i c s b o t h f o r low and h i g h t e m p e r a t u r e a p p l ic a t i o n s . Examples d i s c u s s e d i n t h e p a p e r i n c l u d e t h e m a t r i x m a t e r i a l s Al2O3, c o r d i e r i t e , m u l l i t e and Zr02; a l l r e i n f o r c e d w i t h S i c w h i s k e r s . I -INTRODUCTION S t r u c t u r a l o x i d e . c e r a m i c s a r e l i m i t e d i n t h e i r a p p l i c a t i o n n o t o n l y b e c a u s e of t h e i r b r i t t l e n a t u r e , b u t a l s o b e c a u s e o f t h e h i g ht e m p e r a t u r e c r e e p performance which i s i n f e r i o r t o t h e c o v a l e n t l y bonded c e r a m i c s . T r a n s f o r m a t i o n t o u g h e n i n g h a s been s u c c e s s f u l l y a p p l i e d t o a number of o x i d e s / l / . However, t h e e f f e c t i v i t y of t h i s t o u g h e n i n g mechanism d e c r e a s e s w i t h i n c r e a s i n g t e m p e r a t u r e , becoming i n e f f e c t i v e a t T > -700°C. F i b e r r e i n f o r c e m e n t o f f e r s t h e opport u n i t y t o a c h i e v e v a l u a b l e s t r e n g t h and t o u g h n e s s improvements b o t h a t low and h i g h t e m p e r a t u r e s . T h i s has been d e m o n s t r a t e d mainly w i t h g l a s s and g l a s s c e r a m i c m a t r i c e s / 2 / . For h i g h -s t r e n g t h c r y s t a l l i n e o x i d e s
, w h i s k e r s a r e a b e t t e r c h o i c e t h a n f i b e r s b e c a u s e o f t h e i r a b i l i t y t o s u r v i v e t h e s e v e r e h o t -p r e s s i n g c o n d i t i o n s n e c e s s a r y f o r i n c o r p o r a t i o n i n t o c e r a m i c m a t r i c e s /3-5/.
The w h i s k e r s p r e s e n t l y a v a i l a b l e have d i a m e t e r s of t h e same o r d e r o f magnitude a s t h e g r a i n s i z e of most of t h e s t r o n g o x i d e s , t h e i r s t r e n g t h s and Young's moduli a r e much h i g h e r t h a n t h o s e of t h e f i b e r s , t h e r e a r e no o u t -g a s s i n g n o r g r a i n -g r o w t h problems a s a s s o c i a t e d w i t h f i b e r s /6/ and normal c e r a m i c powder p r o c e s s i n g c a n b e a p p l i e d w i t h o u t t h e r m a l l y and m e c h a n i c a l l y d e g r a d i n g t h e w h i s k e r p r o p e r t i e s / 7 / .
Another a t t r a c t i o n of i n t r o d u c i n g w h i s k e r s i s t h e p r o s p e c t of i n c r e a s i n g t h e room t e m p e r a t u r e s t r e n g t h of some t r a n s f o r m a t i o n Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19861106 t o u g h e n e d m a t e r i a l s , e s p e c i a l l y t e t r a g o n a l Zr02 p o l y c r y s t a l s (TZP) a n d PSZ, where t h e s t r e n g t h i s n o t c o n t r o l l e d by t h e l a r g e s t f l a w b u t by t h e mean c r i t i c a l stress r e q u i r e d t o i n i t i a t e t h e t r a n f o r m a t i o n / 8 , 9 / . T h i s i s s c h e m a t i c a l l y i n d i c a t e d i n F i g . 1 . E.g., Ce-TZP/10/ w i t h a t o u g h n e s s o f -500 MPa J m a n d a s t r e n g t h o f on.ly -500 MPa ( r i g h t s i d e o f s t r e n g t h / t o u g h n e s s a r e a ) c o u l d b e c o n s i d e r a b l y s t r e n g t h e n e d by t h e i n c o r p o r a t i o n o f w h i s k e r s w h i t h o u t l o s s i n t o u g h -
-S c h e m a t i c d i a g r a m o f s t r e n g t h t o u g h n e s s r e l a t i o n i n TZP c e r a m i c s . The numbers r e p r e s e n t t h e a p p r o x i m a t e r a n g e o f v a l u e s a n t i c i p a t e d f o r 2-4 mole % Y203-TZP. n e s s . On t h o t h e r hand, f i n e -g r a i n e d , h i g h -s t r e n g t h TZP c o u l d b e t o u g h e n e d by t h e w h i s k e r s , however, w i t h some l o s s i n s t r e n g t h i f t h e t h e r m a l mismatch between w h i s k e r s and t h e T Z P m a t r i x p r o d u c e s t e n s i l e s t r e s s e s i n t h e m a t r i x / 1 1 / .
The i n t e n d o f t h e p r e s e n t work was t o i n v e s t i g a t e p o s s i b l e p r e p ar a t i o n t e c h n i q u e s t o a c h i e v e a homogeneous w h i s k e r d i s t r i b u t i o n a n d t o s t u d y t h e e f f e c t o f t h e r m a l mismatch on t o u g h n e s s and s t r e n g t h , m a i n l y of Zr02 -c o n t a i n i n g o x i d e s . S i c w h i s k e r s were u s e d i n most c a s e s .
I1 -EXPERIMENTAL PROCEDURE F o r most e x p e r i m e n t s i n t h e p r e s e n t work, S i c w h i s k e r s o f g r a d e SCW-1 ( " s e p a r a t e d and d i s p e r s i o n improved") from T a t e h o Chem. I n d . , K a r i y a , J a p a n , were u s e d . The p r o p e r t y d a t a g i v e n f o r t h e s e w h i s k e r s by t h e s u p p l i e r a r e a c o m p o s i t i o n o f -95 % B-Sic, an i m p u r i t y c o n t e n t ( % ) o f 0 . 1 5 Mg, 0 . 2 5 Ca, 0.31 A l , 0.04 Fe, a r a n g e o f d i a m e t e r s from 0.06 t o 0 . 2 pm and a r a n g e o f l e n g t h s from 1 0 t o 40 pm. Because t h e l o t a l s o c o n t a i n e d l a r g e r S i c p a r t i c l e s ( > 5 pm), t h e w h i s k e r s were f i r s t u l t r a s o n i c a l l y d i s p e r s e d i n i s o p r o p a n o l and d e a g g l o m e r a t e d i n a t u m b l i n g m i x e r w i t h p l a s t i c b a l l s ( 3 mm 0) f o r 24 h. T h e r e a f t e r , most of t h e f r a g m e n t s > 5 pm w e r e e l i m i n a t e d by s e d i m e n t a t i o n . I n two e x p l o r a t o r y e x p e r i m e n t s were A1203 w h i s k e r s ( T h e r m o k i n e t i c s , Washingt o n , D.C.) a n d Si3N4 w h i s k e r s (SNW-1, T a t e h o ) i n c o r p o r a t e d i n t o TZP and c o r d i e r i t e .
The c e r a m i c m a t r i x powders u s e d f o r t h e o x i d e c e r a m i c / w h i s k e r compos i t e s a r e g i v e n i n T a b l e 1 . The c o r d i e r i t e i s a n e x p e r i m e n t a l , f u l l y c r y s t a l l i z e d powder which i s r e a d i l y s i n t e r a b l e . The o t h e r m a t e r i a l s a r e w e l l -c h a r a c t e r i z e d s t a n d a r d g r a d e s . 
The p r o c e s s i n g of t h e c o m p o s i t e s i s summarized i n F i g . 2. A l l m a t r i x c o m p o s i t i o n s w i t h and w i t h o u t Zr02 a d d i t i o n s w e r e a t t r i t i o n m i l l e d f o r 2 h i n i s o p r o p a n o l u s i n g TZP b a l l s f o r t h e A1203 a n d c o r d i e r i t e c o m p o s i t e s and A1203-Si02 b a l l s f o r t h e TZP and m u l l i t e c o m p o s i t e s .
The w h i s k e r powder s l u r r i e s were t h e n tumble mixed w i t h 3 mm p l a s t i c b a l l s . I n most c a s e s , t h e m i x t u r e s were d r i e d i n a r o t o v a p d r y e r f o l l o w e d by u n i a x i a l h o t -p r e s s i n g i n BN-washed g r a p h i t e d i e s . . The h o t -p r e s s i n g c o n d i t i o n s were 30 min. a t 1550°C f o r Al2O3, 30 min. a t 1600°C f o r m u l l i t e , 10 min. a t 1300°C f o r c o r d i e r i t e and 10 min. a t 1450°C f o r TZP c o m p o s i t e s . I n a few e x p e r i m e n t s , e x t r u s i o n t h r o u g h a hypodermic s y r i n g e w i t h a 1 mm o r i f i c e was t e s t e d w i t h a p l a s t i c i z e d m u l l i t e / w h i s k e r m i x t u r e a s a mean of a c h i e v i n g u n i a x i a l a l i g n m e n t of t h e w h i s k e r s . I n t h i s c a s e , p a c k a g e s o f a l i g n e d e x t r u d e d r o d s were h o t -p r e s s e d ( F i g . 3 ) .
The h o t -p r e s s e d d i s c s ( 3 5 mm i n d i a . , 10 mm t h i c k ) were c u t i n t o r e c t a n g u l a r bend b a r s ( 3 0 X 30 X 2.5 mm). The f r a c t u r e t o u g h n e s s was measured by t h e ISB t e c h n i q u e i n & p o i n t b e n d i n g . C o n t r o l l e d f l a w s were i n t r o d u c e d by V i c k e r s i n d e n t a t i o n w i t h l o a d s o f between 10 and 1250 N .
The f r a c t u r e s t r e n g t h was measured i n 4 -p o i n t b e n d i n g
(2017 m m ) , t h e o r i e n t a t i o n b e i n g s u c h t h a t t h e t e n s i l e s u r f a c e was p e r p e n d i c u l a r t o t h e HP d i r e c t i o n . S i x s p e c i m e n s were t e s t e d f o r e a c h S e t o f c o n d i t i o n s .
The f r a c t u r e s u r f a c e s were a n a l y z e d by SEM, and t h e m i c r o s t r u c t u r e was examined by TEM and STEM.
Hot -pressed
-S c h e m a t i c o f u n i a x i a l a l i g n m e n t o f w h i s k e r s by h o tp r e s s i n g p a c k a g e s o f e x t r u d e d c e r a m i c w h i s k e r r o d s .
I11 -RESULTS AND DISCUSSION
The p r o c e s s i n g c o n d i t i o n s u s e d r e s u l t e d i n a l m o s t t h e o r e t i c a l l y d e n s e c o m p o s i t e s w i t h v e r y homogeneous d i s t r i b u t i o n o f t h e w h i s k e r s . The p r e f e r r e d l o n g -a x i s o r i e n t a t i o n o f t h e w h i s k e r s was on p l a n e s p e r p e nd i c u l a r t o t h e h o t -p r e s s i n g d i r e c t i o n ( w h i s k e r -p l a n e ) . The o v e r v i e w o p t i c a l m i c r o g r a p h i n F i g . 4 a shows a w h i s k e r p l a n e i n a 10 v o l . $Zr02 m u l l i t e c o m p o s i t e w i t h 20 v o l . % S i c w h i s k e r s . The TEM o v e r v i e w of a 30 v o l . % S i c whisker/TZP m a t e r i a l ( F i g . 4b) a l s o d e m o n s t r a t e s t h e homogeneity o f t h e w h i s k e r d i s t r i b u t i o n I l l / . F r a c t u r e of w h i s k e r s was r a r e l y o b s e r v e d . R e a c t i o n s b e t w e e n t h e S i c w h i s k e r s and t h e c e r a m i c m a t r i c e s s t u d i e d c o u l d n o t b e d e t e c t e d , a s was a l s o t h e c a s e f o r A1203 w h i s k e r s i n TZP.
Si3N4 w h i s k e r s , however, r e a c t e d s e v e r e l y w i t h Z r 0 2 -c o n t a i n i n g m a t e r l a l s . + a n n e a l e d a t 1500°C i n A r f o r 24h, + + d e t e r m i n e d from i n d e n t a t i o n c r a c k l e n g t h s . ~a t i i x A1203 A1203 A1203+15 t -Z r 0 2 (A1203+15 t -Z r 0 2 ) A120 +40 m-Zr02
The a d d i t i o n o f t -Z r 0 2 t o A1203 is more e f f e c t i v e i n i n c r e a s i n g t h e s t r e n g t h t h a n t h e t o u g h n e s s , a f e a t u r e w h i c h i s d u e t o t h e r e f i n e d m i c r o s t r u c t u r e / 1 3 / . On t h e o t h e r h a n d , w h i s k e r r e i n f o r c e m e n t r e s u l t s i n r e m a r k a b l e t o u g h n e s s e n h a n c e m e n t , a l t h o u g h t h e s t r e n g t h i n c r e a s e i s l e s s pronounced. T h i s f a c t c a n b e e x p l a i n e d by t h e h i g h t e n s i l e m a t r i x s t r e s s e s d u e t o t h e t h e r m a l mismatch b e t w e e n A1203 ( a m = 8 . 5 MK-l ) a n d S i c (ccw = 4.7 MK-I ) . 
An a v e r a g e v a l u e o f 485 MPa f o r t h e s e s s t r e s s e s may b e e s t i m a t e d / Q / . I n a d d i t i o n , t h e e f f e c t o f a l a r g e r c r i t i c a l f l a w s i z e d u e t o some w h i s k e r c l u s t e r i n g h a s t o b e c o n s i d e r e d .
i n a t i o n o f t h e two t o u g h e n i n g m e t h o d s (No 4 i n T a b l e 2 ) y i e l d s a t o u g h n e s s i n c r e a s e ( -9.0
MPa fi) which i s much more t h a n t h e sum o f t h e two s i n g l e t o u g h n e s s i n c r e m e n t s ( s e e T a b l e 2 , No 2: 3.8 ~~a J i i i a n d No 3: 1 . 5 ~P a f i ) . Hence, t h e e x i s t e n c e o f a p o s i t i v e i n t e r a c t i o n b e t w e e n t r a n s f o r m a t i o n t o u g h e n i n g and w h i s k e r r e i n f o r c ement a p p e a r s t o b e e v i d e n c e d by t h e r e s u l t s .
The same a r g u m e n t s a s f o r t h e No 2 c o m p o s i t e a p p l y t o t h e s t r e n g t h o f t h e No 4 c o m p o s i t e . F u r t h e r i n c r e a s e s i n s t r e n g t h s h o u l d b e p o s s i b l e by r e d u c i n g t h e t h e r m a l mismatch s t r e s s e s , e . g . , by i n t r o d u c i n g A1203 w h i s k e r s o r by u t i l i z i n g t h e p h a s e t r a n s f o r m a t i o n ( s e e c h a p t e r I V ) .
SEM e v a l u a t i o n o f t h e f r a c t u r e s u r f a c e s s u g g e s t s c r a c k d e f l e c t i o n a s t h e main w h i s k e r t o u g h e n i n g mechanism. P u l l -o u t was r a r e l y o b s e r v e d . b ) m u l l i t e / S i C w h i s k e r c o m p o s i t e s -----------
Room t e m p e r a t u r e s t r e n g t h and t o u g h n e s s d a t a a r e g i v e n i n T a b l e 3 . I n m u l l i t e c o m p o s i t e s , w h i s k e r a n d Zr02 t o u g h e n i n g a p p e a r t o b e a d d it i v e . T h e r e i s no o b v i o u s a d d i t i o n a l i n t e r a c t i o n e f f e c t . S i n c e t h e t h e r m a l mismatch i s n e g l i g i b l e b e t w e e n m u l l i t e and S i c , t h e s t r e n g t h a n d KI, a r e improved t o t h e same d e g r e e . The r e l a t i v e l y low s t r e n g t h o f t h e a l i g n e d w h i s k e r c o m p o s i t e s (Nos. 6 a n d 7 i n T a b l e 3 , F i g . 5 ) , may b e e x p l a i n e d by t h e f a c t t h a t s t r e s s s i n g u l a r i t i e s a t s t r o n g l y bonded w h i s k e r s c a n l e a d t o p r e m a t u r e f a i l u r e and t h a t c r a c k d e f l e ct i o n is l e s s e f f e c t i v e a s a mechanism i f t h e c r a c k p l a n e i s p e r p e n d i -c u l a r t o t h e w h i s k e r s . A t h i g h t e m p e r a t u r e , when w h i s k e r p u l l -o u t may become e f f e c t i v e due t o i n t e r f a c e s o f t e n i n g , t h e a l i g n e d c o m p o s i t e s may e x h i b i t s u p e r i o r s t r e n g t h s .
T a b l e 3: S t r e n g t h and t o u g h n e s s o f m u l l i t e / S i C w h i 
c ) C o r d i e r i t e / S i C w h i s k e r c o m p o s i t e s --
T a b l e 4 g i v e s some p r e l i m i n a r y K I~ and s t r e n g t h r e s u l t s o b t a i n e d a t room t e m p e r a t u r e and a t 1000°C.
T a b l e 4: S t r e n~t h and t o u g h n e s s o f c o r d i e & t e / S i C w h i s k e r c o m p o s i t e s .
* Hot p r e s s e d a t 1250°C f o r 30 min.
-- The TZP m a t r i x c o n s i s t e d o f t e t r a g o n a l g r a i n s , t y p i c a l l y < 0 . 5 pm i n s i z e , t h i s m i c r o s t r u c t u r e b e i n g a r e s u l t o f t h e s h o r t t i m e a n d low t e m p e r a t u r e o f t h e h o t -p r e s s i n g . No c r y s t a l l i n e p h a s e s were d e t e c t e d o t h e r t h a n t-Zr02 a n d S i c . An amorphous p h a s e a t t h e w h i s k e r m a t r i x i n t e r f a c e , 1-5 nm t h i c k , was o b s e r v e d i n TEM / l l / . I n some c a s e s , g l a s s y p o c k e t s had formed a d j a c e n t t o t h e w h i s k e r s ( F i g . 6 ) . The t o u g h n e s s v a l u e s and s t r e n g t h s o f 3Y-TZP w i t h 0 , 20 and 30 v o l . % S i c w h i s k e r s a r e g i v e n i n T a b l e 5 . The m a t r i x shows t h e c h a r a c t e r i st i c p r o p e r t i e s of h i g h -s t r e n g t h TZP w i t h r e l a t i v e l y low t o u g h n e s s . The l a t t e r may b e a t t r i b u t e d t o t h e s m a l l s i z e o f t h e t-Zr02 g r a i n s which p r e v e n t s t h e i r t r a n s f o r m i n g on s t r e s s l o a d i n g . Thus, t h e i n c r e a s e i n f r a c t u r e t o u g h n e s s of t h e w h i s k e r composite.^ i s assumed t o o r i g i n a t e from t h e w h i s k e r s where c r a c k d e f l e c t i o n a p p e a r s t o b e t h e dominant t o u g h e n i n g mechanism.
The f a v o r a b l e t h e r m a l mismatch becomes o b v i o u s from t h e g r e a t l y improved s t r e n g t h o f t h e w h i s k e r c o m p o s i t e s . The h i g h e r s t r e n g t h o f c o m p o s i t e No 4 when compared t o t h a t o f No 3 i s p a r t l y d u e t o t h e enhanced d e n s i f i c a t i o n b e h a v i o u r a s s o c i a t e d w i t h Zr02 d i s p e r s i o n s i n c o r d i e r i t e . S t r e n g t h , MPa
Whisker d e b o n d i n g and p u l l -o u t a t r o o m -t e m p e r a t u r e was r a r e l y o b s e r v e d , p r o b a b l y due t o t h e s t r o n g i n t e r f a c i a l b o n d i n g , and s o d i d n o t c o n t r i b u t e much t o t h e t o u g h e n i n g . The bond s t r e n g t h may r e s u l t from c h e m i c a l b o n d i n g , t h e r m a l mismatch s t r a i n s and i n t e r f a c i a l r o u g h n e s s . Only i n c a s e s where t h e w h i s k e r s were n e a r l y p a r a l l e l t o t h e f r a c t u r e p l a n e d i d some d e b o n d i n g t a k e p l a c e . I n a l l c a s e s , t h e m a t r i x f r a c t u r e was p r e d o m i n a n t l y i n t e r g r a n u l a r . -F l e c t u r a l s t r e n g t h o f TZP w i t h a n d w i t h o u t S i c -w h i s k e r r e i n f o r c e m e n t . Thermal mismatch s t r e s s e s r e d u c e t h e s t r e n g t h a t RT, w h i l e modulus l o a d t r a n s f e r becomes e f f e c t i v e a t 1 OOO°C.
The f r a c t u r e s t r e n g t h i s r e d u c e d t o a l m o s t h a l f t h e TZP m a t r i x s t r e n g t h by t h e i n c o r p o r a t i o n o f w h i s k e r s b e c a u s e o f t h e h i g h t e n s i l e m a t r i x s t r e s s e s d u e t o t h e t h e r m a l mismatch ( u T Z p
= 11 MK-I 1.
The s i t u a t i o n i s m a r k e d l y d i f f e r e n t a t h i g h t e m p e r a t u r e s . A t 1000°C, t h e s t r e n g t h o f t h e w h i s k e r c o m p o s i t e i s n e a r l y t w i c e t h a t o f t h e TZP m a t r i x ( F i g . 7 )
. The t h e r m a l mismatch s t r e s s e s a r e much l o w e r t h a n a t room t e m p e r a t u r e a n d t h e i n t e r f a c i a l l a y e r h a s s o f t e n e d t o t h e e x t e n t t h a t some w h i s k e r p u l l -o u t ( F i g . 8 ) c a n t a k e p l a c e . I n s a m p l e s a n n e a l e d f o r 1 2 0 h a t 1030°C i n a i r , t h e t h i c k n e s s o f t h e amorphous l a y e r i n c r e a s e d d r a s t i c a l l y a t t h e i n t e r f a c e ( -50 nm, F i g . 9 ) a n d b e t w e e n t h e TZP g r a i n s n e a r S i c w h i s k e r s . B e s i d e s S i a n d Z r , t h e g l a s s e s p h a s e c o n t a i n e d Y a n d some A l . The f o r m a t i o n o f ZrSiOq was n o t o b s e r v e d . F u r t h e r m o r e , most o f t h e g r a i n s c l o s e t o t h e w h i s k e r s were t r a n s f o r m e d t o m symmetry w i t h m i c r o c r a c k s a l o n g t h e g r a i n b o u n d a r i e s . T h i s c a n b e e x p l a i n e d by t h e o x i d a t i o n o f S i c w h i s k e r s u n d e r t h e a n n e a l i n g c o n d i t i o n s c o n t r i b u t i n g t o t h e amorphous s i l i c a t e p h a s e a n d by d i s s o l u t i o n o f Y2O3 i n t o t h e g l a s s y p h a s e , l e a d i n g t o Y -d e p l e t i o n o f t h e t -Z r 0 2 g r a i n s which t h e n e a s i l y tran.3-form. M i c r o c r a c k i n g i s t h e n c a u s e d by t h e t r a n s f o r m a t i o n a n d p o s s i b l y by some CO p r e s s u r e b u i l d -u p . I V -CONTROL OF THERMAL MISMATCH I n o x i d e c e r a m i c s w i t h c o e f f i c i e n t s o f e x p a n s i o n l a r g e r t h a n t h a t of S i c , t h e r m a l mismatch s t r e s s e s a r e produced on c o o l i n g t h e composi t e from t h e p r e p a r a t i o n t e m p e r a t u r e which c a n c o n s i d e r a b l y d e c r e a s e t h e s t r e n g t h . These d e t r i m e n t a l s t r e s s e s , however, c a n b e r e d u c e d by u t i l i z i n g a p r o p e r amount of t h e r m a l l y t r a n s f o r m a b l e 21-02. The p r i n c i p l e of c o n t r o l l i n g t h e t h e r m a l mismatch s t r e s s e s by t h i s method i s e x p l a i n e d i n F i g . 10. T h i s s c h e m a t i c diagram shows t h e t e m p e r a t u r e dependence of t h e a v e r a g e r e s i d u a l m a t r i x s t r e s s e s w i t h o u t ( v o ) and w i t h ( v l , v2) two d i f f e r e n t volume f r a c t i o n s o f t r a n s f o r m a b l e Zr02. The m a t r i x s t r e s s e s i n t h e c o m p o s i t e w i t h o u t t r a n s f o r m a b l e Zr02, i . e . , c o n t a i n i n g o n l y r e t a i n e d t-Zr02, a r e t e n s i l e a t room temperat a r e f o r a m > a,, w h i l e t h e s t r e s s e s a t v1 a r e j u s t b a l a n c e d and t h o s e a t v2 a r e compressive. The a v e r a g e m a t r i x s t r e s s e s a t T < Mf ( m a r t e n s i t e f i n i s h t e m p e r a t u r e , -700°C) c a n b e e s t i m a t e d from:
where Em ( -400 GPa) and E, ( -580 GPa) a r e t h e m a t r i x (A1203-Zr02) and w h i s k e r ( S i c ) Young's m o d u l i , W i s t h e w h i s k e r volume f r a c t i o n and Tg ( -1200°C) t h e t e m p e r a t u r e below which i n t e r f a c i a l r e l a x a t i o n no l o n g e r t a k e s p l a c e .
i s t h e d i l a t i o n a l t r a n s f o r m a t i o n s t r a i n .
The method was t e s t e d w i t h c o m p o s i t e No 6 ( T a b l e 2 ) . While a whiskerf r e e A1203 w i t h 40 v o l . % m-Zr02 (No 5 ) was h e a v i l y c r a c k e d due t o t h e l a r g e volume change ( -5 $ ) a s s o c i a t e d w i t h t h e z i r c o n i a t r a n sf o r m a t i o n , t h e same system when used a s m a t r i x w i t h 20 v o l . $ S i c w h i s k e r s e x h i b i t e d b o t h h i g h KI, and s t r e n g t h . S i n c e t h e two-phase m a t r i x i s n o t t r a n s f o r m a t i o n toughened, t h e enhanced p e r f o r m a n c e , e s p e c i a l l y i n s t r e n g t h , h a s t o b e a t t r i b u t e d t o t h e reduced t h e r m a l mismatch s t r e s s e s i n t h e m a t r i x . The r e s i d u a l s t r e s s i n t h e 
